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The involvement of the gut microbiota on weight-gain and its relationship with childhood
undernutrition and growth has been reported. Thus, the gut microbiota constitutes a
potential therapeutic target for preventing growth impairment. However, our knowledge
in this area is limited. In this study we aimed at evaluating the relationship among early
microbiota, growth, and development in preterm infants. To this end we assessed the
levels of specific microorganisms by qPCR, and those of short chain fatty acids by
mean of gas-chromatography, in feces from 63 preterm newborns and determined
their weight-gain during the first months. The statistical analyses performed indicate
an influence of the intestinal microbiota in weight-gain, with the levels of some
microorganisms showing a significant association with the weight-gain of the infant.
The levels of specific microbial groups during the first days of life were found to affect
weight gain by the age of 1 month. Moreover, clustering of the infants on the basis of the
microbiota composition at 1 month of age rendered groups which showed differences
in weight z-scores. Our results suggest an association between the gut microbiota
composition and weight-gain in preterm infants at early life and point out potential
microbial targets for favoring growth and maturation in these infants.
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INTRODUCTION
Microbial colonization of the neonatal gut provides a stimulus necessary for the development of the
intestine and the physiological homeostasis (Hooper andMacpherson, 2010; Sommer and Bäckhed,
2013). The early neonatal period represents the most important moment for this microbiota-
induced maturation of the host, being a key determinant for later health (El Aidy et al., 2013).
This neonatal colonization is affected by several factors such as gestational age, mode of delivery,
antibiotic use, or feeding habits (Faa et al., 2013).
From the pioneering studies showing a reduction of Bacteroidetes and an increase of Firmicutes
in obese animals (Ley et al., 2005), and the mechanistic works demonstrating the involvement
of the gut microbiota in the regulation of food energy harvesting, fat storage and modulation of
the endocrine function (Bäckhed et al., 2004; Cardinelli et al., 2015), the role of the microbiota in
weight-gain has attracted increasing attention (Cardinelli et al., 2015). The modulation of the gut
microbiota offers a potential therapeutic target for both, weight-management (Dror et al., 2017)
and prevention of growth impariment (Blanton et al., 2016). Most data on the relationship between
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microbiota and weight-gain come from animal models or
from studies in adults. Epidemiologycal data in infants are
also available, evidencing associations between microbiota
composition and later obesity (Koleva et al., 2015). However,
these studies have focused on full-term infants and this
interaction has not been explored in other populations, such
as preterm babies, where weight-gain may be an indicator of
maturation and positive outcome.
Preterm infants present an immature immune system and gut
barrier, which leads to an increased disease risk. Moreover, the
process of microbiota establishment is altered in these infants,
who harbor more Enterobacteriaceae and potential pathogens
and less commensals than full-terms (Arboleya et al., 2012, 2015).
In these infants the nutritional goal is achieving a weight-gain and
body composition approximating the fetal intrauterine growth
(Brennan et al., 2016). For this reason, the adjustment of the
preterm infant growth to the growth-tables, calculated from
data on patients born at various gestational ages, is widely used
to estimate newborn size and postnatal evolution (Fenton and
Kim, 2013). This adjustment would be a positive nutritional
outcome but it is difficult to achieve. Thus, developing strategies
to enhance growth and maturation of preterm infants could be
of clinical interest. Given the relationship between microbiota
and weight-gain, the gut microbiota establishment process may
constitute an adequate target.
The present study aims at evaluating the potential relationship
between early microbiota development and weight-gain in
preterm neonates.
MATERIALS AND METHODS
Subjects and Samples
Sixty-three preterm infants born at gestational ages between
28 and 33 weeks were recruited at the Neonatology Units
of Cabueñes Hospital and the University Central Hospital of
Asturias (Northern Spain). None of the infants had necrotizing
enterocolitis or culture positive early onset infection. All infants
received mixed feeding (infant formula and some breast-milk
administration during the study period). The infants were
discharged from the hospital after an average stay of 38 days of
hospitalization.
Fecal samples were collected at 2, 10, and 30 days-of-age
and weights determined monthly up to 3 months. Weight data
were used to calculate weight-gain at different sampling times
and weight Z-scores were determined using the growth curves
obtained by Fenton (Fenton and Kim, 2013). Fecal samples were
immediately frozen and sent to the laboratory for analyses. The
Regional Ethical Committee of Asturias Public Health Service
approved the study and informed written consent was obtained
from the parents.
Intestinal Microbiota and SCFA Analyses
The absolute levels of the different bacterial populations
analyzed, including the main representatives of the
predominant phyla in the infant gut (Bifidobacterium,
Streptococcus, Staphylococcus, Enterococcus, Bacteroides-group,
Enterobacteriaceae, Lactobacillus-group, Weissella, and total
bacteria), were determined by quantitative PCR using primers
and conditions previously described (Arboleya et al., 2012).
When a sample resulted negative for a certain microbial group,
the value of the detection limit obtained for the corresponding
primer pair (ranging between 103 and 104 cells per gram
depending on the bacterial group) was assigned. For the
preparation of standard curves, pure cultures of appropriate
strains were used as previously reported (Arboleya et al., 2012).
Analysis of the main short-chain-fatty-acids (SCFA) (acetate,
propionate, and butyrate) was carried out in supernatants of
homogenized feces by using a 6890N gas chromatograph (Agilent
Technologies Inc., Palo Alto, CA, USA) connected to a FID and
a MS 5973N detectors (Agilent) as previously reported (Arboleya
et al., 2012).
Statistical Analyses
Multiple mixed linear models were used to investigate the
relationship between the microbial levels and fecal SCFA
with weight-gain, adjusting by possible confounders. Backward
stepwise analyses based on the Aikaike Information Criterion
(AIC) were employed to determine whether the variables were
included in predictive models. A forest plot was used in order
to show the effect sizes in both the so-labeled univariate
and the multivariate models (always adjusting by infant and
gestational ages). With the goal of investigating different groups
of subjects based on microbiota measures, a Euclidean cluster
was performed. Dendrogram was used to determine the number
of groups and standard robust Welch tests. Standard parametric
robust Welch tests or non-parametric Kruskal-Wallis test,
depending on the data distribution, was used to check equality
among groups. Analyses were performed with R software, the
conventional p-level of 0.05 was used in the interpretation of
results.
RESULTS
The study included 28 males and 35 females (birth weights
from 1,085 to 1,580 g). Twenty-two were vaginally delivered
(VD) whilst 41 were born by caesarean section (CS). During the
3 months of duration of the study 35 of the infants received
antibiotics at some time, most of them during the first month.
The characteristics of the study population and the evolution
of the intestinal microbiota in the total cohort and in the
cohort subdivided according to delivery mode are reported in
Supplementary Tables 1 and 2, respectively. In general, bacterial
levels, and the concomitant production of SCFA, increased along
the study, which is in good agreement with previously reported
data (Arboleya et al., 2012, 2016).
After the first few days, infants’ weight increased, fitting
well into a linear structure (Supplementary Figure 1). Initial
exploratory analyses were conducted by using generalized mixed
linear effects model with infant as random effect and gestational
age as spline. The model showed a large effect of time (infant
age) and gestational age, which together explained 80.5% of
variance (determination coefficient, r2 = 0.805). Therefore, to
further assess these associations the model was adjusted for
these two variables and analyzed by multivariate regression to
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FIGURE 1 | Forest plot showing the microbiota-related variables measured and association with infant weight determined by univariate and
multivariate generalized linear models. Models were adjusted by infant and gestational age.
determine the effects of the microbiota-related variables. The
results indicated an association of the intestinal microbiota with
weight-gain in preterm infants (Figure 1). A significant effect
of the levels of Staphylococcus (p < 0.001), Enterococcus (p
< 0.001), Enterobacteriaceae (p = 0.011), Streptococcus (p =
0.047), Weissella (p < 0.001), and total bacteria (p = 0.002)
was observed. In the full multivariate model (using backward
elimination stepwise regression based on AIC) three variables
remained significant; Enterococcus (p = 0.004), Staphylococcus
(p = 0.005), and Weissella (p = 0.004) (Figure 1). The other
microbial groups analyzed did not show any significant effect.
Similarly, none of the SCFA analyzed showed a significant effect.
To evaluate the ability of the early microbiota-related variables
for predicting weight-gain, the association of the microbiota
variables at 2 and 10 days-of -age with the weight gained at
30 days of age (as percentage of birth-weight) was studied.
Gestational age was found to be the major contributing factor,
explaining a 55% of variance (r2 = 0.55). After adjusting for
gestational age and birth weight (both together explaining 56%
of variance), the levels of Enterobacteriaceae at 2 and 10 days-
of-age, Streptococcus and total bacteria levels at 2 days, and
those of Bacteroides-group at 10 days were found to have a
significant effect upon weight gain (Table 1), increasing a 17.6%
the percentage of variance explained, up to a total of 73.5%. None
of the other microorganisms was found associated with weight-
gain at 1month, although a trendwas observed for bifidobacterial
levels (estimate 3.23± 1.64, p= 0.054).
Finally, the microbiota data obtained at 1 month of age were
used for performing a cluster analysis, which allowed identifying
three microbiota-driven infant groups (Supplementary Figure 2).
These groups were not significantly different (p> 0.05) regarding
gestational age, birth weight in grams or weight Z-score at birth
TABLE 1 | Microbiota-related variables at 2 and 10 days of infant age that
were associated with weight-gain at 30 days of life (measured as
percentage with regard to birth-weight).
Variable Multivariatea
Estimate Standard error p
Enterobacteriaceae at 2 days 15.892 2.701 < 0.001
Streptococcus at 2 days 7.080 2.217 0.003
Total bacteria at 2 days −19.159 3.288 < 0.001
Enterobacteriaceae at 10 days −3.316 1.174 0.007
Bacteroides-group at 10 days 5.234 1.982 0.011
aAdjusted for gestational age and basal weight.
(data not shown). However, infant weight at 3 months of age
showed a statistically significant difference among clusters (p =
0.033). At this later time infant weight in group 3 (3003± 681 gr)
was significantly lower than in the other two infant groups, that
did not show statistically significant differences between them
(3988 ± 1163 gr for group 1 and 3883 ± 1344 gr for group 2).
Similarly, at 3 months of age Z-scores differed among groups (p
= 0.013) with group 3 (−2.37± 2.24) differing significantly from
groups 1 and 2 (−0.62± 1.08 and−0.90± 1.90, respectively).
When the statistical models used in this study were adjusted
for the potential confounders “delivery mode” or “antibiotic
exposure” significant effects were not observed, which indicates
that these variables are not influencing the associations observed.
Actually, in our study delivery mode did not show a large effect
on the analyzed microorganisms, since only the Bacteroides-
group was found to be statistically different between vaginal and
C-section babies, with reduced levels in the latter group at 10 and
30 days of life (Supplementary Table 2).
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DISCUSSION
An altered intestinal microbiota during the first year of life,
with reduced levels of bifidobacteria and increased number of
Staphylococcus aureus, has been observed in infants developing
obesity later on (Kalliomäki et al., 2008). Particular microbial
species, such as Bacteroides fragilis, have been related with higher
BMI z-scores (Vael et al., 2011; Scheepers et al., 2014). However,
this evidence is still limited and focuses in full-term infants and
obesity prevention, whilst nothing is known on the relationship
between microbiota and weight-gain in preterm infants.
Our results indicate an association between the intestinal
microbiota and weight-gain. The levels of some microorganisms,
such as Staphylococcus and Enterococcus, were negatively
associated with weight-gain whilst others such as Weissella
did it positively. This last microorganism belongs to the
Leuconostoccaceae family from the Lactobacillales order (Fusco
et al., 2015), being then related to Lactobacillus, some of whose
strains were found to maintain growth of infant mice during
chronic undernutrition (Schwarzer et al., 2016). Since lactobacilli
are often used as probiotics, their ability, as well as that of non-
pathogenicWeissella strains, to promote growth and maturation
in preterm infants should be further explored.
Moreover early microbiota was associated with later weight-
gain, suggesting a potential effect of the early microbiota in
weight-gain in preterm infants. Especially, Enterobacteriaceae
and Streptococcus levels at 2 days of age and Bacteroides-group
levels at day 10 showed a positive association with weight
gain at 1 month of age. To this regard, the species B. fragilis
has been repeatedly associated to increased BMI (Vael et al.,
2011; Scheepers et al., 2014) in infants, pointing out at these
microorganisms as potential players in the association intestinal
microbiota-weight gain. When infants were clustered on the
basis of their microbiota at 30 days of age, differences among
the clusters were obtained for infant weight and weight Z-
scores at 3 months of age, again suggesting a relationship
between microbiota and weight-gain. To this regard, certain
oligosaccharides have been reported to promote a microbiota-
dependent increase in body-mass (Charbonneau et al., 2016),
and transplanting the microbiota of undernourished children
into germ-free mice resulted in growth impairment (Blanton
et al., 2016). Similar relationships between intestinal microbiota
and growth have also been reported in infants (Gough et al.,
2015), and delayed colonization by specific commensals has been
related with altered adiposity (Dogra et al., 2015). All these
reports suggest the involvement of the gut microbiota in infants’
weight-gain and development.
Neither the delivery mode, nor the antibiotic exposure,
showed a significant effect in any of the statistical models used
in this study. These facts point out that these important potential
confounders are not influencing the observed associations
between microbiota and weight-gain. To this regard, in the
present study the delivery mode was found to have a limited
impact on intestinal microbial levels; Bacteroides was the only
group significantly affected by delivery mode, presenting lower
counts in babies born by C-section than in those vaginally
delivered. The reduced levels observed for this microbial genus
is in agreement with previous studies carried out in a similar
preterm infants group (Arboleya et al., 2015). In relation to
this, reduced levels of Bacteroides in full-term babies born by C-
section have also been reported (Jakobsson et al., 2014), although
in full-term babies the impact of C-section seem to be larger
(Dominguez-Bello et al., 2010) than in our cohort of preterm
infants.
Our results underline the interest of exploring the intestinal
microbiota as a potential target for favoring growth and
maturation in preterm infants. However, the meaning of weight-
gain in terms of infant maturation, disease risk, and later weight
is a matter of concern (Wang et al., 2016) that requires of further,
larger, and longer observational and intervention studies.
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